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i-cavity,  Elim  is  the  equilibrium  potential  of  this  reaction,  (ii)  For  more 
than  one  reaction  of  the  same  sign,  will  be  the  least  noble  equilibrium 

potential  in  the  case  of  anodic  polarization,  and  the  most  noble  for  cathodic 
reactions,  (iii)  When  reactions  of  opposite  sign  occur  in  the  cavity  Elim 
will  be  the  mixed  potential  of  these  reactions. 
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tance  R  and  the  current  I  flowing  in  or  out  of  the  cavity,  since  I  tends  to 
decrease  as  R  Increases.  The  latter  occurs  as  the  gas  bubbles  grow  and  fill 
the  cross  section,  and  the  former  occurs  since  an  increasing  R,  and  hence  IR, 
causes  the  local  electrode  potential  to  shift  toward  the  equilibrium  or  mixed 
potential,  i.e.,  Ex«l“Ex.0+IR .  The  increasing  resistance  R  tends  to  dominate, 
giving  an  increasing  | IR { ,  but  then  gives  way  to  I  which  decreases  more  sharply 
as  Ex*l  approaches  the  Tafel  region. 
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ABSTRACT 


In-place  gas  bubbles  within  pits,  crevices  and  cracks 
often  cause  large  differences  in  electrode  potential  between 
the  base  of  the  cavity  (E^l)  and  the  sample  surface  (Ex*0)  • 
These  potential  changes  are  much  greater  than  predicted  by 
existing  theoretical  calculations  which  ignore  the  possibility 
of  a  constricted  current  path.  In  this  paper,  a  limiting 
electrode  potential,  Ej™,  within  the  cavity  is  identified. 

It  is  the  potential  at  which  the  net  current,  with  respect  to 
that  available  for  flow  in  (or  out  of)  the  cavity,  is  zero. 

(i)  In  the  case  of  a  single  current-producing  reaction  within 
the  cavity,  ELIM  is  the  equilibrium  potential  of  this  reac¬ 
tion.  (ii)  For  more  than  one  reaction  of  the  same  sign, 

^LIM  be  the  least  noble  equilibrium  potential  in  the 

case  of  anodic  polarization,  and  the  most  noble  for  cathodic 
reactions.  (iii)  When  reactions  of  opposite  sign  occur  in  the 
cavity  ELIM  will  be  the  mixed  potential  of  these  reactions. 

The  actual  electrode  potential  at  the  base  of  the  cavity, 
Ex=l>  can  in  principle,  only  approach  EL1M.  EX=L  is  estab¬ 
lished  by  the  electrolyte  resistance  R  and  the  current  I 
flowing  in  or  out  of  the  cavity,  since  I  tends  to  decrease 
as  R  increases.  The  latter  occurs  as  the  gas  bubbles  grow 
and  fill  the  cross  section,  and  the  former  occurs  since  an 
increasing  R,  and  hence  IR,  causes  the  local  electrode 
potential  to  shift  toward  the  equilibrium  or  mixed  potential, 
i.e.  ,  Ex=l=Ex=,0+IR"  The  increasing  resistance  R  tends  to 
dominate,  giving  an  increasing  | IR | ,  but  then  gives  way  to  I 
which  decreases  more  sharply  as  EX„L  approaches  the  Tafel 
region.. 


A  decade  ago  Fickering  and  Frankenthal  (1)  showed  that 
gas  bubbles  accumulate  within  growing  pits  and  crevices  in  iron 
and  stainless  steel.  They  suggested  that  these  in-place  bubbles  are 
the  cause  of  large  changes  in  electrode  potential  within  the  cavity, 
changes  which  placed  the  base  of  the  cavity  in  or  near  the  Tafel 
region  even  when  the  outer  surface  potential  was  far  more  noble 
(>1  volt).  In  other  studies  during  cathodic  polarization,  bubbles 
were  observed  to  grow  in  place  until  they  impinged  on  the  wails 


of  che  cavity,  and  Co  be  responsible  for  large  changes  in  potential 
(2-4).  The  effectiveness  of  -a  bubble  to  greatly  constrict  the  current- 
flow  path  was  attributed  to  its  fluid  nature,  whereby  it  could  readily 
take  the  shape  and  fill  the  cavity  cross-section.  For  this  reason,  the 
gas  bubble  is  considered  to  be  a  more  effective  constriction  than  is 
solid  corrosion  product.  Although  bubbles  are  routinely  observed  to 
evolve  from  pits  in  Al(5)  and  other  of  the  active  metals  (6,7),  the 
tendency  for  the  gas  to  accumulate  and  become  lodged  in  the  cavity  is 
not  so  well  recognized.  In  general,  this  favorable  situation  for  large 
1R  voltages,  even  in  electrolytes  of  high  conductivity,  needs  to  be 
studied  more  in  order  to  clarify  its  role  in  localized  corrosion. 

2  3 

Changes  in  electrode  potential  (10  to  10  mV)  have  been  measured 
during  pitting  and  crevice  growth  (1,7-12),  although  reasons  other  than 
electrolyte  resistance  have  been  offered  by  some  of  these  authors.  The 
measurement  itself,  has  been  confirmed  by  other  independent  observa¬ 
tions  as  follows.  The  walls  of  pits  (in  iron  and  stainless  steel) 
prior  to  salt  film  formation  were  observed  to  be  crystallographically 
etched  although  the  outer  surface  was  at  >1.0  V  (SHF).  The  etching 
is  consistent  with  dissolution  in  the  active  region  and,  in 
particular,  the  Tafel  region  of  the  polarization  curve,  and  also 
with  the  measured  potential  deep  within  the  pits  (1,13).  In  addition, 
hydrogen  was  identified  as  the  gas  coming  out  of  the  pits,  in  agree¬ 
ment  with  the  measured  potential  in  the  pits  but  contrary  to  the  much 
more  noble  potentials  (>1  volt  noble  of  the  hydrogen  equilibrium 
potential)  at  the  outer  surface.  Identification  of  the  gas  as  hydrogen 
is  significant  for  estimation  of  che  voltage  change  within  the  cavity 
when  the  electrode  potential  of  the  outer  surface  is  noble  to  the 
hydrogen  evolution  equilibrium  potential.  Then,  the  voltage  change  is 
at  least  as  large  as  the  difference  between  the  external  surface 
potential  and  the  hydrogen  equilibrium  electrode  potential.  This  same 
situation  has  recently  been  reported  for  A1  (14) .  These  authors 
observed  the  evolution  of  H£  gas  from  within  pits  and  concluded  that 
large  IR  voltages  existed  within  the  pit  since  the  electrode  potential 
of  the  outer  surface  was  maintained  at  1.7  volts  (SHE)  or  higher, 
about  2  volts  above  the  potential  for  H2  evolution.  In  accord  with 
this  very  noble  potential  on  the  external  surface,  H2  was  not  formed  on 
it. 


In  a  similar  fashion,  large  in-place  gas  bubbles  and  large  changes 
in  electrode  potential  have  been  observed  within  crevices  during 
cathodic  evolution  of  hydrogen  on  iron,  copper,  and  nickel  surfaces 
(2-4).  In  accord  with  current  flow  into  the  cavity  during  cathodic 
polarization,  the  electrode  potential  was  observed  to  become  more  noble 
with  increasing  distance  into  the  cavity,  in  contrast  to  a  current- flow 
direction  out  of  the  cavity  during  anodic  polarization  and  a  corre¬ 
sponding  shift  in  electrode  potential  in  the  less  noble  direction  (13). 
The  magnitude  of  the  measured  potential  change  (0.5  volt)  was  5  limes 
larger  than  the  calculated  (based  on  the  geometrical  cross  sectional 
area)  IR  voltage  (4).  For  these  large  shifts  in  electrode  potential, 


Che  bottom  of  Che  cavity,  in  Che  case  of  iron  and  nickel,  was  in  Che 
region  of  mecal  dissolution.  Accordingly,  Che  bottom  of  Che  cavicy 
was  etched,  and  Fe  and  Ni  ions  were  detected  in  the  electrolyte  of  the 
cavity.  The  shift  in  electrode  potential  for  Cu,  though  of  the  same 
magnitude,  was,  on  che  other  hand,  not  large  enough  for  Cu  dissolution. 
This  is  consistent  with  the  existence  of  a  limiting  potential  in  the 
cavity  (4,15)  which  can  be  approached,  but  not  reached  or  exceeded,  as 
described  in  this  paper. 

From  a  theoretical  point  of  view,  the  observation  that  the  current 
path  is  constricted  by  che  presence  of  gas  bubbles  which  occupy  the 
cross  section  of  the  cavity  means  that  calculations  of  XR  voltages 
which  are  based  on  the  geometrical  cross  section  of  the  cavity  under¬ 
estimate  the  actual  IR  voltage.  Many  calculations  of  the  potential  and 
concentration  variations  in  pits  and  crevices  are  available  in  the 
literature  (1,11,12,15-18).  They  all  show  that  for  an  electrolyte 
which  is  a  good  conductor  the  ohmic  voltage  between  the  growing  pit 
surface  and  the  external  metal  surfaces  is  10  to  10^  mV.  These  cal¬ 
culations  also  assume  an  unobstructed  current  path.  Thus,  in  the  case 
of  pitting  and  crevice  growth  it  is  well  established  for  samples  which 
are  anodically  polarized  well  into  the  passive  region  that  a  discrep¬ 
ancy  exists  between  calculation  and  experiment  —  <10^  mV  calculated 
vs  1(P  mV  measured.  Even  in  the  case  of  poorly  conducting  electro¬ 
lytes,  the  ohmic  voltage  in  the  cavity  (in  the  absence  of  constric¬ 
tions)  may  be  quite  small  since  the  ionic  concentration  and,  hence,  the 
conductivity  of  the  electrolyte  within  a  growing  pit  or  crevice  in¬ 
creases  above  that  of  the  bulk  solution  (1,11,12).  The  presence  of 
constrictions  —  gas  bubbles  or  the  less  effective  solid  corrosion 
products  and  films  —  are  therefore  necessary  to  stabilize  greatly 
different  cavity  and  external  electrode  potentials.  Thus,  if  one  takes 
into  account  a  cross  section  which  may  be  one,  two,  or  even  three 
orders-of-magnitude  smaller  over  part  of  the  current-flow  path,  very 
large  IR  voltages  are  calculated  during  local  cell  processes.  Chang 
(19)  showed  this  by  allowing  for  the  decrease  in  the  cross  sectional 
area  of  the  pit  due  to  the  presence  of  a  gas  bubble.  Ateya  and 
Pickering  (4)  illustrated  the  same  for  hydrogen  evolution  in  a  model 
calculation  in  which  the  width  of  a  crack-like  slot  was  allowed  to 
decrease,  thereby  simulating  a  growing  gas  bubble. 

As  to  whether  or  not  it  is  necessary  to  maintain  the  cavity  poten¬ 
tial  in  the  proximity  of  the  Tafel  region  in  order  to  maintain  a  pit¬ 
ting  or  crevice  growth  process  is  less  obvious.  Without  the  constric¬ 
tion  to  provide  this  electrode  potential.,  one  can  invoke  either  or 
both  of  che  textbook  mechanisms  for  maintaining  an  active  pit  or 
crevice  —  the  Cl  ion  buildup  (along  with  other  anions)  in  the  cavity, 
or  the  acidification  of  the  electrolyte  within  the  cavity  which  occurs 
except  in  the  case  of  strong  acids  —  while  the  external  surface  is  in 
the  passive  region.  However,  neither  of  these  mechanisms  is  necessary 
for  pit  growth  if  the  potential  within  the  pit  is  in  the  moderate 
overpotentiai  (~Tafel)  region. 


In  view  of  the  fact  that  IR  voltages  within  cavities  can  be 
very  large  based  both  on  experimental  results  and  model  calculations  of 
constricted  current  flow,  the  question  as  to  whether  or  not,  in 
principle,  a  limiting  potential  exists  in  the  cavity  is  important  and 
timely.  In  considering  this  question  in  this  paper  a  physical  con¬ 
strain  to  the  potential  shift  is  identified,  and  then  analyzed  in  terms 
of  situations  encountered  during  localized  corrosion  and  hydrogen 
charging  of  metals.  A  second  question  relates  to  the  parameters  that 
are  important  in  establishing  the  actual  electrode  potential  which 
exists  locally  as  a  function  of  distance  into  the  cavity. 


A  Physical  Constrain 

Let  an  oxidation  or  reduction  reaction  occur  at  the  base  of  a 
cavity,  x=L.  The  change  in  electrode  potential  with  distance  x  into 
the  cavity,  AE(x),  can  be  approximately  equated  to  the  IR  voltage  with¬ 
in  the  electrolyte  which  fills  the  cavity,  in  which  case 

E(x)  *  Ex_q+IR(x)  (1) 

where  Ex=0  is  the  electrode  potential  at  the  opening  of  the  cavity, 

E(x)  is  the  local  electrode  potential  a3  a  function  of  distance  x  into 
the  cavity,  I  is  the  current  flowing  between  x»o  and  x-L  with  due 
regard  for  the  current  flow  direction,  and  R(x)  is  the  resistance  to 
current  flow  between  x=*o  and  position  x.  If  I  or  R(x)  is  large,  so  is 
the  change  in  E(x).  Conversely,  I  must  be  finite  or  IR-o  and  E(x)«Ex=«0. 
Thus,  a  finite  I  is  the  condition  which  sets  the  limit  on  the  electrode 
potential  in  a  cavity,  Eljm>  a  potential  which  can  be  approached  but 
not  actually  reached. 

Since  the  magnitude  of  AE(x)  depends  on  both  1  and  R(x) ,  the 
current  can  be  quite  small  and  still  produce  a  large  AE(x)  if  R(x)  is 
large.  During  development  of  the  gas  bubble(s)  in  the  cavity,  the 
increase  in  R(x)  largely  controls  the  increase  in  AE(x).  Eventually, 
the  increasing  R(x)  shifts  the  electrode  potential  existing  at  the 
reaction  site,  EX„L,  into  the  Tafel  region  where  the  reaction  rate  I  is 
a  strong  decreasing  function  of  Ex*l.  In  this  region  I  has  the  greater 
influence,  and  counters  further  increase  in  the  IR(x)  voltage.  In  this 
way,  these  two  opposing  parameters  provide  for  the  actual  electrode 
potential  E(x)  in  the  cavity  which,  however,  may  fluctuate  with  time 
under  the  dynamic  conditions  which  include  changing  cavity  dimensions, 
distortion  of  the  gas  bubble,  e.g.  by  the  formation  of  solid  corrosion 
product,  and  a  changing  cavity  surface  area.  The  value  of  Ex^L  cor¬ 
responding  to  the  IR(x)  voltage  will  thus  always  lie  between  Ex*0  and 
^LIM*  latter  may  be  either  an  equilibrium  or  a  mixed  potential 

depending  on  the  situation,  as  described  below. 


The  Limiting  Potential  for  Typical  Local  Cell  Processes 


Let  us  consider  the  case  of  a  single  electrochemical  reaction  in 
a  cavity.  This  could  be  metal  dissolution  which  causes  growth  of  a 
pit.  Fig.  la  or  hydrogen  evolution.  Fig.  lb.  E-lim  ^or  c^ese  examples 
is  the  equilibrium  potential  (for  the  local  composition  of  electrolyte 
in  the  cavities)  of  the  respective  reaction,  metal  dissolution  (Fig.  la) 
or  hydrogen  evolution  (Fig.  lb),  since  it  is  at  the  equilibrium 
potential  that  the  net  current  at  EX*L  is  zero  (4,15).  Figure  1 
describes  the  situation  when  Ex*0  is  established  by  an  external  power 
supply  or  by  another  (redox)  reaction  when  this  reaction  occurs  at  the 
outer  surface,  e.g.,  during  some  situations  of  open  circuit  corrosion. 

When  two  or  more  reactions  of  the  same  sign  occur  in  a  cavity 
e.g.,  growth  of  a  pit  by  dissolution  of  the  components  of  an  alloy, 

Elim  is,  in  principle,  the  equilibrium  potential  of  the  least  noble 
metal  of  the  alloy.  However,  the  actual  Ex*l  will  usually  be  estab¬ 
lished  by  the  equilibrium  potential  of  the  most  noble  component,  in 
view  of  the  sharp  falloff  of  the  reaction  rate  with  decreasing  elect¬ 
rode  potential  in  this  potential  ("Tafel")  region.  The  same  holds  for 
multi  cathodic  reactions. 

The  third  situation  which  may  exist  is  the  presence  in  the  chvity 
of  two  or  more  electrochemical  reactions  with  at  least  one  reaction 
producing  current  of  opposite  sign  to  that  of  the  net  current.  This 
situation  is  often  encountered  in  practice  during  both  anodic  or 
cathodic  polarization.  For  example,  large  IR  voltages  during  the 
pitting  of  iron  or  stainless  steel  establishes  a  potential  in  the  pit 
in  the  region  of  hydrogen  evolution  (1).  Similarly,  the  potential 
within  a  crack  in  iron  during  Sn  electroplating  may  lie  in  the  region 
of  iron  dissolution  (2-4,15).  These  situations  are  illustrated  in 
Fig.  2,  and  show  that  E^^  is  not  an  equilibrium  potential,  but  rather 
a  mixed  potential  established  by  the  reactions  occurring  within  the 
cavity,  since  it  is  at  the  mixed  potential  that  the  net  current  at 
Ex=:L  available  for  flow  in  or  out  of  the  cavity  is  zero. 

Open  circuit  pitting  corrosion  is  considered  above  for  the  situa¬ 
tion  that  the  cathodic  reaction  occurs  entirely  on  the  outer  surface, 
corresponding  to  the  situation  in  Fig.  la.  However,  when  some  of  the 
cathodic  reaction  occurs  in  the  pit,  the  current  flowing  out  of  the 
pit  is  decreased  in  proportion  to  that  fraction  of  the  cathodic  current 
which  occurs  within  the  pit,  and  the  limiting  potential  is  the  mixed 
potential  of  the  reactions  occurring  within  the  cavity.  If  all  of  the 
cathodic  reaction  occurs  within  the  cavity,  there  is  no  net  current 
flowing  in  or  out  of  the  cavity  with  the  result  that  Ex  is  the  mixed 
electrode  potential  of  the  anodic  and  cathodic  reactions  occurring 
within  the  cavity  at  x. 
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ELECTRODE  POTENTIAL 


Figure  1. 

Schematic  illustrating  the 
limiting  electrode  potential 
and  a  typical  shift  of  the 
electrode  potential  from  the 
value  at  the  external  surface 
Ex=0  to  that  at  the  bottom  of 
the  cavity  Ex«l  (a)  during 
pitting  or  crevice  corrosion, 
and  (b)  within  a  crack  during 
hydrogen  evolution.  *^/M2+ 

and  are  the  equilibrium 

potentials  for  the  composi¬ 
tion  of  the  electrolyte  in  the 
cavity. 


b 


Figure  2. 

As  in  Figure  1  but  illustrating 
that  the  limiting  electrode 
potential  is  the  mixed  potential 
when  reactions  of  opposite  sign 
occur  within  the  cavity. 


